We study the ratio of the cross sections for ttγ and tt production at the LHC. The presence of correlations between theoretical uncertainties of the two processes makes possible a precise determination of this observable. This can help to evidentiate effects of new physics that might reveal themselves only when sufficiently precise theoretical predictions are available. Our analysis is based on fully realistic simulations of ttγ and tt production in the dilepton decay channel, including complete off-shell and non-resonant effects at NLO QCD accuracy. We discuss Standard Model predictions for the LHC Run II at both inclusive and differential level, also quantifying the impact of the theoretical uncertainties related to variation of scales and parton distribution functions.
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Introduction
Precise measurements of top quark properties provide important tests of the Standard Model (SM) as well as opportunities to probe effects of new physics. As top quark pairs are produced abundantly at the LHC, the cross section of the process pp → tt + X is a natural benchmark for these studies. At present, the inclusive tt production process is known with accuracy NNLO QCD + NNLL combined with electroweak corrections [1, 2] . On a more exclusive ground, the first NNLO QCD results for tt production with top quark decays in the narrow width approximation have recently started to appear [3] .
With the large amount of data collected during the Run II of the LHC, rarer production channels such as ttH or ttV (V = γ,W ± , Z), become also accessible [4] [5] [6] [7] . Among these, ttγ production is most sensitive to the top quark electromagnetic coupling. Deviations with respect to SM predictions in the p T spectrum of the photon could unveil new physics through anomalous top quark couplings [14] [15] [16] . Clearly, precise theoretical predictions are a crucial ingredient for such measurements. On the one hand, computing higher-order corrections to the production cross section is a necessary step forward to reduce theoretical systematics, typically dominated by scale uncertainties. On the other hand, given that the top is an extremely short-lived resonance, the accurate modeling of its decay is an equally important task for realistic comparisons with data.
The present state of the art for the theoretical description of ttγ is NLO. Both QCD and EW corrections are available for fully inclusive on-shell production [8] [9] [10] [11] . Exclusive predictions have been calculated in the narrow width approximation, with NLO QCD corrections applied to both production and decay stages [12] . Results for on-shell ttγ production matched to parton showers are also available [13] . More recently, NLO QCD predictions to the full process pp → e + ν e µ −ν µ bb γ +X have been computed [17] . The latter provide the most realistic description of ttγ production and decay in the dilepton channel at fixed perturbative order, including complete off-shell effects and non-resonant contributions.
Going beyond NLO is extremely challeging for ttγ. Achieving a full NNLO calculation could reduce theoretical uncertainties down to a few percents, paving the road to a precision study of this process. Though highly desirable, this task is beyond reach at present as 2 → 3 processes represent the frontier of NNLO. A fortiori, applications of NNLO to processes with higher particle multiplicity like W + W − bbγ are difficult to imagine in the near future. One class of observables which may feature reduced uncertainties using state-of-the-art theoretical accuracy is represented by cross section ratios. Ratios may be significantly more stable against radiative corrections and scale variations than absolute quantities when the involved processes are correlated [12, 16, 22, 23] . Also, they are expected to reduce other uncertainties like those stemming from parton distribution functions (PDF). Given its large cross section and similar behaviour with respect to radiative corrections [19] [20] [21] , tt production is a particularly suitable candidate for normalizing the absolute ttγ predictions. In this contribution we present selected results from our recent work [18] where we focus on the observable R = σ ttγ /σ tt and explore its performance in accuracy in the context of the LHC Run II.
Details of the calculation
Our analysis is based on a full NLO QCD calculation of the processes pp → e + ν e µ −ν µ bb γ + X and pp → e + ν e µ −ν µ bb + X at the center-of-mass evergy of 13 TeV. In each case, all resonant and non-resonant Feynman diagrams, interferences and finite-width effects of the top quark and W boson decays have been taken into account. For ease of notation, in the following we will also refer to these two processes as to "ttγ" and "tt" respectively. For the sake of clarity let us stress that with "absolute ttγ predictions" and "ttγ/tt ratio" we mean quantities calculated out of realistic final states with b-jets, charged leptons and missing p T , and that no on-shell approximation is applied to the intermediate top or W resonances.
In our calculation we employ the following SM parameters:
The top quark width is evaluated consistently at LO and NLO [42] . Due to the presence of unstable top quarks, the complex mass scheme [37] is adopted. All fermions, with the exception of the top quark, are considered massless. Scale uncertainties are estimated by varying the default values of the renormalization and factorization scales independently by a factor of 2 and taking the envelope of the resulting predictions. Following the PDF4LHC recommendations for LHC Run II [38] , we consider the PDF sets CT14 [39] , MMHT14 [40] and NNPDF3.0 [41] for our predictions. For further details we refer the interested reader to our earlier work [17, 20] . On the technical side, our results have been obtained with the help of the package HELAC-NLO [27] , which comprises HELAC-1LOOP [28] and HELAC-DIPOLES [31, 32] . The virtual contributions are calculated according to the OPP method [24] using the programs CutTools [25] and OneLOop [26] as cornerstones. Real-emission contributions are calculated in the framework of the subtraction method adopting the Nagy-Soper scheme [32] and cross-checked independently with Catani-Seymour subtraction [29, 30] . Phase-space integration is performed using KALEU [33] . The final results are available in the form of events in either Les Houches Event File format [34] or ROOT Ntuples [35] that might be directly used for experimental studies at the LHC. Each event is stored with additional matrix-element and PDF information to allow reweighting for different scale and PDF choices [36] . A newly developed tool, called HEPlot, can be used to get predictions from these Ntuples for user-defined observables and kinematical cuts, including a thorough assessment of the uncertainties related to scale and PDF variations. The program is designed to be user-friendly and does not require any a priori knowledge of the internal structure of the events. The Ntuple files are available upon request to the authors.
Phenomenological results
We present here selected results of interest for the LHC Run II, specifically NLO QCD predictions for the center-of-mass energy √ s = 13 TeV. To mimic as closely as possible the ATLAS and the CMS detector acceptances [45, 46] , basic selection cuts are applied to the final states
where b, denote respectively any b-jet and charged lepton. Jets are defined according to the anti-k T clustering algorithm [43] with resolution parameter R = 0.4. Our analysis requires exactly two b-jets, two charged leptons and missing p T in the final state. For the ttγ sample, we require additionally one isolated photon with p T,γ > 25 GeV, |y γ | < 2.5 and ∆R γ > 0.4. According to the prescription of Ref. [44] , the photon isolation condition reads
where R ≤ R γ j = 0.4 and i runs over all partons. For the renormalization and factorization scales two different prescriptions are considered, one being fixed and the other one being dynamic, i.e. phase-space dependent. The fixed-scale choice is µ R = µ F = m t /2 while the dynamic scale is defined to be µ R = µ F = H T /4, where H T is the sum of the total missing p T plus the transverse momenta of the visible particles (i.e. b-jets, charged leptons and, in the case of the ttγ sample, photons). We begin the presentation of our results by discussing the total cross sections of the tt and ttγ processes. Reference values for the various scales and PDF sets considered in our analysis are reported in Table 1 . Results are shown for two different minimum requirements for the p T of the hard photon, namely 25 and 50 GeV. Looking at the total cross sections, both scale choices look in good shape and values agree well within the theoretical errors. We observe, however, that results based on the setup µ 0 = H T /4 feature systematically smaller scale uncertainties. In fact, as shown in Ref. [17] for the ttγ case, differential cross sections based on the µ 0 = H T /4 setup are characterized by more constant K-factors compared to fixed-scale results, which means moderate QCD corrections and reduced shape distortions induced by higher-order terms. This fact indicates that the proposed dynamical scale helps to capture effects from higher orders and accounts more effectively for the genuine multi-scale nature of the processes under consideration. We have calculated that the size of the internal uncertainties related to each of the three PDF sets considered lies in the range 1-3%, therefore smaller than the difference observed between various PDF sets which is at the level of 1-4% [18] . In any case, the uncertainties stemming from scale variation represent the dominant source of theoretical systematics.
Next, we investigate correlations between the tt and ttγ processes. Specifically, we look at the shapes of NLO distributions for several observables, both dimensionless and dimensionful, to outline possible kinematical differences (see Figure 1 ). Rapidity distributions have nearly identical shapes, while the invariant mass spectra look slightly harder in the case of ttγ. This is however explained by the presence of a minimum p T cut for the photon, which effectively sets higher transverse momentum for the tt system and consequently for all its decay products. We have analysed other kinds of observables as well, finding similar behaviour. Overall, we conclude that tt and ttγ Table 1 : Total NLO cross sections for pp → e + ν e µ −ν µ bb ("tt") and pp → e + ν e µ −ν µ bbγ ("ttγ"), for different scale and PDF choices [18] . Also included are theoretical errors as obtained from scale variation. In the case of ttγ, results for two different values of the p T,γ cut are reported.
production show strong similarities in both jet and lepton activity and can be considered correlated as far as these observables are concerned. Invoking correlations, one may restrict the set of combinations of scale variations used to estimate the uncertainty of the ratio,
so that (µ 1 , µ 2 ) are either increased or decreased at the same time. Following this prescription the uncertainties estimated from scale variation could be dramatically reduced. Figure 2 shows a comparison between absolute ttγ predictions and the ttγ / tt ratio for two representative observables, namely the azimuthal angle between the two charged leptons (∆φ ll ) and the invariant mass of the lepton pair (m ll ). Looking at the first observable, the absolute ttγ predictions based on µ 0 = H T /4 are characterized by uncertainties of the order of 15% in the region ∆φ ll ≈ 3. The cross section ratio features a dramatic reduction down to 3% in the same region when correlations are invoked.
The results for the m ll observable are on the same footing, as one observes scale uncertainties of a few percents in the case of the correlated ratio. For comparison, in the bottom panels of Figure  2 we show an example of assigning different scales in the numerator and the denominator of the cross section ratio. The uncertainties obtained in this way are much larger and reach the order of 15% -40% depending on the scale assignment.
Conclusions
The purpose of this work was to investigate whether more precise predictions for ttγ production in the dilepton decay channel at the LHC can be obtained using state-of-the-art theoretical accuracy, given that full NNLO results are still out of reach. To this end we have studied the cross section ratio R = σ NLO ttγ /σ NLO tt and performed a thourough assessment of the theoretical uncertainties associated to scale and PDF dependence. Our best predictions for this observable can be Figure 1 : Comparison among shapes of tt and ttγ differential cross sections at NLO [18] . All distributions are normalized to one. Results of two different requirements for minimum p T of the photon are shown.
Upper plots: average rapidity of the two b-jets (left); invariant mass of the bb system (right). Lower plots: average rapidity of the two charged leptons (left); invariant mass of the the two-lepton system (right). Figure 2 : Impact of scale uncertainties at NLO: comparison between absolute ttγ predictions and the ttγ/tt ratio [18] . Upper panels: absolute ttγ predictions. Middle panels: predictions for the ttγ/tt ratio using same scale for numerator and denominator. Lower panels: predictions for the ttγ/tt ratio using different scales for numerator and denominator. The observables shown are the azimuthal angle between the two charged leptons (on the left) and the invariant mass of the the two-lepton system (on the right). With uncertainties that can be pinned down to a few percents, a very precise determination of this observable is possible. We conclude that the cross section ratio has an interesting potential to shed light on new physics that can reveal itself only when sufficiently precise theoretical predictions are available.
